The aim of this study was to describe the effects of nickel (NiCl 2 ) on murine testicular structure. Experimental animals were injected intraperitoneally with a single dose of 20 mg NiCl 2 per kg of body mass (group A, n = 5) and 40 mg NiCl 2 per kg b. m. (group B, n = 5). The group without injection (n = 5) was the control (C). Animals were killed 48 hours after administration of nickel. The body mass of animals, the mass of testes and the testes : body mass ratio were not significantly affected. In both experimental groups a significant (p < 0.001) decrease of germinal epithelium in comparison with control group was observed. The relative volume of the interstitium was increased but not significantly in both experimental groups. An increase in the relative volume of the lumen was registered in both experimental groups in comparison with the control group. The qualitative analysis detected a dilatation of blood vessels in the interstitium, undulation of the basal membrane and several empty spaces in the germinal epithelium. The diameter (n = 150) of the seminiferous tubule was markedly (p < 0.05) decreased in both experimental groups (A, B) compared to control group. The height of the germinal epithelium showed a significant decrease (p < 0.05 -0.001) after nickel administration. Evaluation of the lumen diameter in the seminiferous tubule showed a significant increase in both experimental groups. The data of the perimeter of seminiferous tubules corresponded with those of the seminiferous tubule diameter. TUNEL assay detected a higher frequency of localized apoptosis in the interstitium of nickel-administered animals compared to control group. Our findings clearly suggest a negative effect of nickel on the structure as well as on the function of the seminferous epithelium at the site of spermatozoa production.
Nickel is a naturally occurring element that may exist in various mineral forms. It is used in a variety of applications including metallurgic processes and in electrical components, such as batteries (ATSDR 1988; USAF 1990) . Some evidence suggests that nickel may be an essential trace element for mammals.
The absorption of nickel is dependent on its physicochemical form, with water soluble forms being more readily absorbed. The metabolism of nickel involves conversion to various chemical forms and binding to various ligands (ATSDR 1988) . Nickel is excreted in the urine and faeces with relative amounts for each route of exposure and chemical form. Most nickel enters the body via food and water consumption, although inhalation exposure in occupational settings is the primary route for nickel-induced toxicity (Ankel-Fuchs and Thauer 1988) .
In large doses some forms of nickel may be acutely toxic to humans when taken orally (Daldrup et al. 1983; Sunderman et al. 1988) . Toxic effects of oral exposure to nickel usually involve the kidneys, with some evidence from animal studies showing a possible impairment of development and reproductive functions (ATSDR 1988; Goyer 1991) .
Data on nickel-induced reproductive and developmental effects in humans following exposure are equivocal. No clinical evidence of developmental or reproductive toxicity was reported for women working in a nickel refinery (Warner 1979) . On the other hand, possible reproductive and developmental effects in humans occupationally exposed to nickel were reported (Chashschin et al. 1994; Coogan et al. 1989; Costa 1991; Oller et al. 1997) .
In the testes of laboratory animals nickel salts induced morphological changes such as degeneration of testicular germinal epithelium, testicular sarcomas and functional disorders -inhibition of spermatogenesis or complete sterility and decrease of testosterone production (Mathur et al. 1977; Lee 1983) . In the rat interstitial (Leydig) cell culture, dosedependent depression in both hCG-and cAMP-stimulated testosterone production was seen after Ni 2+ treatment (Laskey and Phelps 1991; Forgács et al. 1998 Forgács et al. , 2001 .
The aim of this study was to describe and quantify structural and functional changes in the testes of mice after an intraperitoneal administration of nickel.
Materials and Methods
All experiments were conducted on adult (3-month-old) male mice (ICR, Mus musculus albicans) in the accredited experimental laboratory at the Slovak Agricultural University in Nitra (Protocol No. 4345/00-220 and Decree MP SR No. 231/1998) . The animals (n = 15) were divided into 3 groups (A, B, C). Five animals (group A) were injected intraperitoneally with a single dose of 20 mg NiCl 2 per kg of body mass. Other five animals (group B) received a single dose of 40 mg NiCl 2 per body mass. Animals were killed 48 hours after administration of nickel (NiCl 2 , Sigma, St. Louis, MO). The animals were weighed before and after the experiment. Selected visceral organs were weighed as well, with the accuracy of ± 0.1 g. Nickel was diluted with a physiological solution to the appropriate concentration (volume = 0.25 ml). Food (pelletized food mixture KKD -O/10) and water were available for all animals ad libitum. The last group (C) was the control without nickel injection. After euthanasia, visceral organs were weighed and the testes of nickel-treated and untreated mice were fixed in 10% formol, dehydrated in a graded series of ethanol and embedded in paraffin wax. Whole testes were sectioned on a microtome. The serial 4 -5 µm thick sections were stained with haematoxylin and eosin. At least five sections from each animal were measured using a light microscope (Carl Zeiss NU-2) and software for analysis Image ProPlus (Media Cybernetic). The relative volume of the germinal epithelium, interstitium and lumen; the diameter of the seminiferous tubule; the height of the germinal epithelium; the diameter of the lumen of the seminiferous tubule and the perimeter (circumference) of the seminiferous tubule (µm) were measured with respect to each testis, based on micromorphological criteria (Weibel et al. 1966; Massányi et al. 2000; Toman et al. 2002) .
From the final data, basic statistical characteristics (mean, standard deviation, variation, median, minimum, maximum values) were calculated using PC program SPSS 11.0.1 (ID 112285) and the differences between groups were analyzed by F-test at the level of significance of p < 0.05.
For the apoptosis assay MEBSTAIN Apoptosis kit Direct (Immunotech, France) was used to detect TUNEL reactions. After fixation in 4% paraformaldehyde, 3 -5 µm thick sections were prepared for staining. The samples were deparaffanized using xylene and ethanol (100 -80%) and treated with proteinase K (PK + ). DNA nick end was labelled using TdT reaction, counterstained with DAPI stain and mounted. After the procedure the samples were analyzed on the Leica fluorescent microscope.
Results
No significant differences were detected in the body mass of animals before experiment (Time 0) and after the nickel administration (Time 48). Also the mass of testes and the testes: body mass ratio was not significantly affected (Table 1) .
In control animals the testes were completely enclosed by the tunica albuginea which was thickened posteriorly to form the mediastinum of testis, projecting somewhat into the body of the testis. Blood vessels and lymphatic vessels and the channels carrying spermatozoa passed through this area. Fibrous septa form the mediastinum divided the body of the testis into lobules; each lobule contained seminiferous tubules. Each seminiferous tubule had a central lumen lined by an actively replicating germinal epithelium mixed with a population of supporting sustentacular cells. Between seminiferous tubules the interstitium containing interstitial cells and blood vessels was present.
The largest relative volume of the germinal epithelium (79.95 ± 2.06%) was observed in the control group (Table 2 ). In both experimental groups a significant (p < 0.001) decrease in comparison with the control group was detected. Also a significant (p < 0.05) difference between groups A and B was detected. Generally, the decrease of the relative volume of the germinal epithelium reached almost 10%. The relative volume of the intersitium was increased in both experimental groups, but the differences were not significant. An increase of the relative volume of the lumen was registered in both experimental groups in comparison with the control group. Qualitative analysis detected dilatation of blood vessels in the interstitium, undulation of the basal membrane and some empty spaces in the germinal epithelium (Plates V, VI, Figs 1 -4). Our findings clearly suggest a negative effect of nickel on the structure as well as function of the seminiferous epithelium in the place of spermatozoa production. Also the TUNEL assay detected a higher frequency of apoptosis Fig. 5a ).
In evaluation of the diameter of the seminiferous tubule we found a significant decrease of this variable in both experimental groups (A, B) in comparison with the control group (Table 3) . Also the height of the germinal epithelium showed a significant decrease after nickel administration, ranging from 60.55 to 48.78 µm. Evaluation of the lumen diameter in the seminiferous tubule showed a significant increase in both experimental groups. In all experimental groups we found increased luminiziation (Table 2 ) of the seminiferous tubule with increased relative volume of the lumen (Table 1 ). The resulting data on the perimeter of seminiferous tubules correspond with those on the seminiferous tubule diameter.
Discussion
Nickel has been demonstrated to destroy regular testicular structure and a dose-dependent alteration in almost all morphometric indicators. Our results showed an increase in the relative volume of the interstitium related to the diapedesis and also a decrease of germinal epithelium. These data suggest alterations of spermatogenesis directly affecting epithelium and/or influencing interstitial cells (increased ratio of apoptosis) producing testosterone. This probably caused alterations in steroidogenesis, and subsequently, spermatogenesis was seriously affected.
A significant decrease in absolute and organ-to-body mass ratios of testes, epididymides, seminal vesicles and prostate gland after oral administration of nickel sulphate was found ( P a n d e y et al. 1999). The spermatozoa abnormality, associated with a decrease in spermatozoa motility and sperm count was also observed. Significant alterations in the activities of marker testicular enzymes associated with histopathological changes in testes, epididymides and seminal vesicles were also observed. This study reveals that the oral exposure to nickel may affect the histology of testes, epididymides, seminal vesicles and spermatozoa morphology. In other experiments, the final mean body weights of various nickel sulphate-treated rats were not significantly decreased except for the 0.1% nickel sulphate-treated group, when compared to the control ( O b o n e et al. 1999). The absolute and relative organ weights were either increased or decreased or remained unchanged, depending on the organ and the dose of nickel sulphate. The relative order of bioaccumulation of nickel in different organs of rats when treated with 0.1% nickel sulphate was as follows: kidneys > testes > lung = brain > spleen > heart = liver. Testosterone production of mouse interstitial cells in vitro following an in vivo or in vitro nickel exposure was evaluated byForgács et al. (1998) . Dose-dependent depression in hCG-stimulated testosterone production was seen at a nickel dose of 125 µM or higher. Results of this study show a dose-related depression in stimulated testosterone production and indicate that the effect is both time-and concentration-dependent and not due to cytotoxicity. A significant reduction in the activities of testicular steroidogenic enzymes and plasma testosterone concentration accompanied by a significant change in cholesterol and ascorbic acid level was observed (Pandey et al. 1999; Das and Dasgupta 2000) . Also Monsees et al. (1998) have examined the effect of nickel on the viability, mitochondrial dehydrogenase activity and secretory function of rat sustentacular (Sertoli) cells. Noncytotoxic concentration of nickel significantly increased lactate production. No changes in inhibin levels were observed in the presence of nickel. Nickel caused significant changes in some sustentacular cell secretion products. Forgács et al. (2001) investigated the efficacy of two nickel-binding amino acids, histidine and cysteine, in preventing the inhibitory action of nickel on testosterone production by mouse primary interstitial cell culture. Nickelinduced reduction in testosterone production was completely prevented by equimolar concentrations of His at Ni 2+ concentrations of 125, 250, and 500 µM; equimolar or twice the equimolar concentrations of His were only partially effective at 1000 µM Ni 2+ . Protective action of Cys was complete only at the lowest concentration of Ni 2+ . Increasing the time of incubation, the protective effect of both amino acids against Ni 2+ was reduced. A partial recovery of hCG-stimulated testosterone production could be observed only if the amino acid was added no later than 4 hours after the metal. Administration of these amino acids after the Ni 2+ -produced decrease in testosterone production notably reversed the process.
Our results clearly document the negative effect of nickel on spermatogenesis. The decrease in the relative volume of germinal epithelium indicates alterations in spermatozoa production.
In our previous studies (Massányi et al. 2003 (Massányi et al. , 2004a we reported that the level of seminal nickel is significantly higher in fox and ram (0.31 ± 0.19 mg·kg -1 ) in comparison with bull (0.12 ± 0.07 mg·kg -1 ) and boar (0.06 ± 0.08 mg·kg -1 ). The concentration of nickel in the semen of stallion was 0.20 ± 0.24 mg·kg -1 . A highly negative correlation between seminal nickel and copper in the ram was found. Correlation analysis in bulls as well as rams showed a high positive relation between nickel and separated tail (Massányi et al. 2004b) .
On the other hand, Yokoi et al. (2003) reported that nickel affects cyclic nucleotide gated channels (CNG) that are important in spermatozoa physiology. Nickel deprivation significantly decreased spermatozoa motility and density in the epididymides, epididymal transit time of spermatozoa, and testes spermatozoa production rate. Nickel deficiency also significantly decreased the weights of the seminal vesicles and prostate glands.
Although short-term doses of nickel induced only a minimal lipid peroxidation response (LPO), multiple doses elicited a moderate increase in LPO in whole homogenates and higher dose-related increases in both mitochondrial and microsomal fractions (Doreswamy et al. 2004 ).
This was associated with a significant increase in DNA damage in the testis as evidenced by increased single-strand breaks. These findings suggest that testicular toxicity of nickel compounds may be related to enhanced production of reactive oxygen species, probably mediated through oxidative damage to macromolecules, including the damage of DNA.
All detected results suggest that nickel has a negative effect on the testicular structure, affecting mainly spermatozoa development as well as steroidogenesis.
Úãinok niklu podaného in vivo na ‰truktúru semenníka my‰ích samcov V práci sa sledoval vplyv niklu (NiCl 2 ) na ‰truktúru semenníka u my‰í. Zvieratá boli rozdelené na tri skupiny, ktoré intraperitoneálne dostali jednorazovú dávku 20 mg NiCl 2 ·kg -1 Ïivej hmotnosti (skupina A), 40 mg NiCl 2 ·kg -1 (group B) a skupina C bez podania niklu slúÏila ako kontrola. Zvieratá boli usmrtené 48 h po podaní niklu. VáÏenie nepreukázalo Ïiadne preukazné rozdiely v hmotnosti zvierat pred pokusom a po podaní niklu. Nezistil sa ani rozdiel v pomere hmotnosti semenníkov v celkovej hmotnosti. V oboch pokusn˘ch skupinách sme zistili preukazn˘ (p < 0,001) pokles relatívneho objemu semenotvorného epitelu v porovnaní s kontrolou. Podobne sa zistil aj preukazn˘ (p < 0,05) rozdiel medzi skupinou A a B. Relatívny objem interstícia bol nepreukazne vy‰‰í v oboch pokusn˘ch skupinách. Relatívny objem bol vy‰‰í po podaní niklu. Kvalitatívnym hodnotením sa zistila dilatácia krvn˘ch ciev v interstíciu, undulácia bazálnej membrány a v semenotvornom epiteli sa vyskytovali prázdne miesta. Priemer semenotvorného kanálika bol preukazne vy‰‰í v oboch pokusn˘ch skupinách v porovnaní s kontrolou. Podobne v˘‰ka semenotvorného epitelu preukazovala v˘razn˘ pokles po podaní niklu. Naopak, hodnotenie priemeru lúmenu semenotvorného kanálika bol signifikantne vy‰‰ie v oboch pokusn˘ch skupinách. TUNEL anal˘za preukázala vy‰‰iu frekvenciu apoptózy v interstíciu zvierat po podaní niklu v porovnaní s kontrolnou skupinou. Dosiahnuté v˘sledky jasne dokazujú negatívny úãinok niklu na ‰truktúru ako aj funkciu semenotvorného epitelu s hºadiska produkcie spermií. 
